The tubulin microtubule network remains an attractive anticancer target. Results: The antitumor steroidal lactone withaferin A (WA) down-regulates tubulin and binds to Cys 303 of ␤-tubulin. Conclusion: Tubulin is a novel target of WA-mediated growth arrest in human breast cancer cells. Significance: Favorable safety and pharmacokinetic profiles merit clinical investigation of WA for prevention and/or treatment of breast cancer.
Constituents of Ayurvedic medicine, which has been safely followed for thousands of years in India, continue to draw attention for identification of small molecules potentially useful for the treatment and prevention of chronic diseases (1) . Withania somnifera (also known as Ashwagandha or Indian winter cherry) is one such medicinal plant, whose leaf and root are integral components of the Ayurvedic remedies used for the healing of different conditions, including inflammation, arthritis, asthma, and hypertension (2) . Preclinical experimental evidence exists indicating that W. somnifera leaf and root extracts are inhibitory to cancer (3, 4) . For example, chemically induced forestomach and skin tumorigenesis in mice was inhibited significantly following administration of W. somnifera root (4) .
The anticancer effect of W. somnifera is ascribed to steroidal lactones collectively known as withanolides (5, 6) . Even though multiple withanolides with side chain alterations have been isolated from W. somnifera, withaferin A (WA), 2 a C 5 ,C 6 -epoxy steroidal lactone, is one of the best characterized and the most active compound, exerting anti-inflammatory, antiproliferative, pro-apoptotic, anti-invasive, and anti-angiogenic effects (7) . The in vivo anticancer effect of WA was initially shown against Ehrlich ascites cells in the early 1970s (8) . This compound was later shown to be a potent in vivo radiosensitizer (9) . Subsequent work from different laboratories, including our own, has established that WA treatment not only retards the growth of different types of human tumor cells in vitro and in vivo but also prevents chemically induced as well as spontaneous cancer development in experimental rodents (10 -15) . For example, chemically induced oral carcinogenesis in hamsters was inhibited significantly by WA administration (13) . Recent studies from our own laboratory have revealed that WA administration significantly inhibits burden (affected area) of ductal carcinoma in situ as well as invasive mammary cancer in mouse mammary tumor virus-neu transgenic mice in association with inhibition of glycolysis (14) .
The mechanism by which WA inhibits the growth of tumor cells is not fully understood, but known molecular effects potentially contributing to its anticancer activity include (a) G 2 -M phase cell cycle arrest (16) ; (b) apoptosis induction (10, 12, 17) ; (c) inhibition of proteasomes (11) ; (d) suppression of NF-B, STAT3, and estrogen receptor (ER)-␣ (5, 18 -20) ; and (e) inhibition of processes relevant to metastatic spread of tumors, including neo-angiogenesis and cell migration (21, 22) . Considerable progress has been made toward our understanding of the mechanism by which WA induces apoptotic cell death in cancer cells (10, 12, 17) . Molecular events associated with WA-induced apoptosis in human breast cancer cells include inhibition of complex III of mitochondrial respiration, leading to suppression of oxidative phosphorylation and production of reactive oxygen species (ROS), activation of multidomain pro-apoptotic proteins Bax and Bak, and ensuing cell death (17) . In contrast, the molecular basis for the cell cycle arrest resulting from WA exposure is poorly defined. In this study, we demonstrate, for the first time, that ␤-tubulin is a novel target of WA-mediated growth arrest in breast cancer cells.
EXPERIMENTAL PROCEDURES
Reagents-Purified tubulin from MCF-7 cells was purchased from Cytoskeleton (Denver, CO). WA (purity of 99%) was purchased from Enzo Life Sciences (Farmingdale, NY), whereas its analogs withanone (WE; purity of 95.6%) and withanolide A (WLA; purity of 96.7%) were purchased from ChromaDex (Irvine, CA). Stock solutions of the withanolides were prepared in dimethyl sulfoxide (DMSO), and an equal volume of DMSO was added to the controls. The final concentration of DMSO did not exceed 0.1%. Reagents for cell culture and Alexa Fluor 488-and Alex Fluor 568-conjugated goat anti-mouse antibodies were purchased from Invitrogen. McCoy's 5A medium was from Mediatech (Manassas, VA). Mouse monoclonal antibodies against ␣and ␤-tubulin, anti-actin antibody, and DAPI were purchased from Sigma-Aldrich. The rabbit polyclonal antibody against ␤-tubulin was purchased from Abcam (Cambridge, MA). Anti-securin antibody was purchased from MBL International (Woburn, MA), whereas an antibody specific for detection of Ser 10 -phosphorylated histone H3 was from Cell Signaling Technology (Danvers, MA). Proteasomal inhibitor MG132 was purchased from EMD Millipore (Billerica, MA). Protein A/G PLUS-agarose beads were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell Lines and Cell Viability Assays-MCF-7, SK-BR-3, and MCF-10A cells were obtained from American Type Culture Collection (Manassas, VA) and maintained as suggested by the supplier or as described previously (23) . The SUM159 cell line was purchased from Asterand (Detroit, MI) and cultured in Ham's F-12 medium supplemented with 5% fetal bovine serum, 1 g/ml hydrocortisone, 5 g/ml insulin, and 10 mM HEPES. MCF-7 cells stably transfected with the pcDNA3.1 empty vector or the same vector encoding copper/zinc superoxide dismutase have been described by us previously (17) . The effect of the withanolides on the viability of MCF-7 and SUM159 cells was determined by trypan blue dye exclusion assay as described by us previously (24) . The effect of the withanolides on cell proliferation was determined using the CellTiter 96 AQ ueous non-radioactive cell proliferation assay kit from Promega. Briefly, the cells (0.7ϳ1 ϫ 10 3 cells/well) were seeded in 96-well plates in triplicate or quadruplicate, incubated overnight, and treated with DMSO (control) or withanolides (1, 2, or 4 M) for 24, 48, and 72 h. After treatment, the absorbance of the resultant formazan product was measured at 492 nm using a microplate reader.
Flow Cytometric Analysis of Cell Cycle Distribution-SUM159 cells (1 ϫ 10 5 cells/well in 6-well plates) and MCF-7 cells (5 ϫ 10 5 cells/dish in 6-cm culture dishes) were plated in triplicate. After overnight incubation, the cells were treated with DMSO (control) or 2 M WA, WE, or WLA for 8 or 24 h, followed by fixation in 70% ethanol overnight at 4°C. Fixed cells were washed with PBS, stained with propidium iodide, and analyzed using a BD Accuri TM C6 flow cytometer (BD Biosciences) or a CyAn TM ADP analyzer (Beckman Coulter, Brea, CA). In some cell cycle distribution studies, the DMSO-treated control and WA-treated MCF-7 cells (5 ϫ 10 5 cells/dish in 6-cm culture dishes) were also immunostained for ␣and ␤-tubulin proteins to quantify their cell cycle phase-specific levels.
Western Blotting-Details of Western blotting have been described elsewhere (25) . Immunoreactive bands were detected by the enhanced chemiluminescence method. Densitometric quantification was done using UN-SCAN-IT version 5.1 (Silk Scientific Inc., Orem, UT).
Flow Cytometric Quantitation of Mitotic Fraction-Quantitation of the mitotic fraction in control and WA-treated cells was achieved by flow cytometry after staining the cells with propidium iodide and anti-phospho-Ser 10 histone H3 antibody. The cells (2.5 ϫ 10 3 cells/well) were seeded in 6-well plates, incubated overnight, and exposed to DMSO or 2 M WA for 8 or 24 h. The cells were collected by trypsinization and fixed in 70% ethanol at 4°C by overnight incubation. Subsequently, the cells were permeabilized with 0.25% Triton X-100 for 15 min at room temperature, incubated with Alexa Fluor 488-conjugated phospho-Ser 10 histone H3 antibody for 1 h, stained with propidium iodide for 30 min at room temperature, and analyzed using the BD Accuri C6 flow cytometer.
Real-time Quantitative RT-PCR-Total RNA was isolated using the RNeasy kit (Qiagen), and cDNA was synthesized and reverse-transcribed using an oligo(dT) 20 primer and Super-Script III reverse transcriptase (Invitrogen). PCR was performed using SYBR Green Master Mix in an ABI StepOnePlus real-time PCR system (Applied Biosystems). The primers used were: as follows: ␣-tubulin, 5Ј-CTCCAGGGCTTCTTGGTT-TTCC-3Ј (forward) and 5Ј-TTTCACCATCTGGTTGGCTG-GC-3Ј (reverse); ␤ 1 -tubulin, 5Ј-CTCCAGCCTCTGGGGCG-C-3Ј (forward) and 5Ј-ATTTGCCACCTGTGGCTTCA-3Ј (reverse); and glyceraldehyde-3-phosphate dehydrogenase, 5Ј-TGATGACATCAAGAAGGTGGTGAAG-3Ј (forward) and 5Ј-TCCTTGGAGGCCATGTGGGCCAT-3 (reverse). The cycling conditions for ␣and ␤ 1 -tubulin were as follows: 95°C for 10 min, followed by 35 cycles at 95°C for 30 s, 62°C for 30 s, and 72°C for 30 s. Relative gene expression was calculated using the method described by Livak and Schmittgen (26) .
Immunofluorescence Microscopy for ␣and ␤-Tubulin-MCF-7, SUM159, SK-BR-3, and MCF-10A cells (7ϳ9 ϫ 10 4 cells/well) were plated on glass coverslips in 12-well plates and allowed to attach overnight. After a 24-h treatment with DMSO (control) or 2 M WA, the cells were fixed in 3% paraformaldehyde, followed by permeabilization with Triton X-100. Cells were incubated with blocking buffer containing bovine serum albumin in PBS for 30 min at room temperature, followed by incubation with anti-␣-or anti-␤-tubulin antibody overnight at 4°C. The cells were then incubated with Alexa Fluor 488-or Alexa Fluor 568-conjugated secondary antibody. DAPI was used to stain nuclear DNA. Coverslips were mounted using Antifade Fluoromount, and the images were captured using an Olympus FluoView 1000 confocal microscope with 63 ϫ 1.45 numerical aperture objective magnification and 565-and 488-nm laser wavelengths.
Kinetic Analysis of the Thiol Reactivity of Withanolides by NMR-Each reaction was performed under an atmosphere of dry N 2 or argon. 1 H NMR spectra were recorded on a Bruker AVANCE III 500-MHz instrument. Samples were auto-tuned and matched (atma), auto-shimmed (topshim), and calibrated to the residual solvent peak. CDCl 3 and CD 2 Cl 2 were filtered through basic Al 2 O 3 immediately prior to sample preparation. DMSO-d 6 was deoxygenated before use. Chemical shifts (␦) are reported in parts/million with the residual solvent peak used as an internal standard: ␦ 1 H, 7.26 (CDCl 3 ), 5.32 (CD 2 Cl 2 ), and 2.50 (DMSO-d 6 ).
WE (0.0092 g, 0.020 mmol) was dissolved in DMSO-d 6 (300 l) in a J Young NMR tube, and the 1 H NMR spectrum was recorded as a standard. Cysteamine (2-aminoethanethiol; 0.0042 g, 0.053 mmol) was added, and the mixture was reanalyzed by 1 H NMR at 5-min and 5-h time points. An aliquot (15 l) of the solution was then transferred into a second NMR tube containing CDCl 3 (300 l), and a new spectrum was recorded. No difference was observed at the enone peaks at 6.58 and 5.64 ppm.
Cysteamine (0.0034 g, 0.042 mmol) was dissolved in DMSO-d 6 (300 l) in a J Young NMR tube, and WLA (0.0085 g, 0.018 mmol) was added. Independently, a spectrum of WLA was recorded as a standard. The mixture of WLA and cysteamine was analyzed by 1 H NMR at 5 min and 5 h. An aliquot (20 l) of the solution was then transferred into a second NMR tube containing CDCl 3 (400 l), and a new spectrum was recorded. The enone peaks at 6.58 and 5.64 ppm decreased by 25% after 5 min of incubation, but these peaks were present in full intensity after 5 h. WA (0.010 g, 0.021 mmol) was dissolved in DMSO-d 6 (300 l) in a J Young NMR tube, and the spectrum was recorded as a standard. Cysteamine (0.0038 g, 0.049 mmol) was added, and the mixture was analyzed by 1 H NMR at 5-min and 5-h time points. A complete disappearance of the enone olefin peaks was observed. An aliquot (20 l) of the solution was then transferred into a second NMR tube containing CDCl 3 (400 l), and a new spectrum was recorded, but no reversal in the enone addition reaction was observed. The enone peaks at 7.08 and 6.12 ppm disappeared 5 min after thiol addition and did not reappear.
Mass Spectrometric Detection of Covalent Binding of WA to ␤-Tubulin-First, an in vitro experiment was performed by incubating 2 g of purified human tubulin (Cytoskeleton) for 1-2 h at 37°C with either DMSO (control) or 8 M WA. In the second experiment, 10 6 MCF-7 cells were plated in a 10-cm culture dish and allowed to attach. The cells were then treated with DMSO or 2 M WA for 24 h at 37°C and lysed. An aliquot containing 500 g of lysate protein was precleared with 100 l of protein A/G PLUS-agarose beads and then incubated with 10 g of agarose-conjugated anti-␤-tubulin antibody at 4°C. Samples from both experiments (in vitro incubation and MCF-7 cells) were denatured and subjected to SDS-PAGE. The Coomassie Blue-stained gel bands were excised, destained, and digested with trypsin as described by Shevchenko et al. (27) .
The in vitro incubated samples were analyzed by MALDI-TOF with full-scan mass spectra with a mass range of m/z 800 -4000 in reflectron mode (AB Sciex Model 4800) at a resolution of 18,000 at m/z 2465. The mass accuracy was maintained below 20 ppm, and spectra from 400 individual laser shots were averaged. The same in vitro incubated samples were also analyzed by LC-MS/MS. The peptides were sequenced using a Waters nanoACQUITY UPLC system (Models 186016006 and 186016002) coupled to an Orbitrap Velos Pro hybrid linear quadrupole ion trap and orbitrap mass spectrometer (Thermo Fisher). Full-scan mass spectra with a mass range of m/z 300 -2000 were acquired in profile mode in the orbitrap at a resolution of 60,000. Chromatographic separation was performed at a constant flow rate of 0.3 l/min using a binary solvent system (solvent A, 0.1% formic acid; solvent B, acetonitrile and 0.1% formic acid) and a linear gradient program (0 -3 min, 5% solvent B; 3-60 min, 5-55% solvent B; 60 -61 min, 55-95% solvent B; 61-66 min, 95% solvent B; 66 -67 min, 95-5% solvent B; and 67-87 min, 5% solvent B). The data-dependent acquisition mode was used to collect MS/MS spectra for the most intense ions (up to nine) from the preceding high-resolution full-scan orbitrap mass spectrum.
Immunoprecipitated ␤-tubulin from WA-treated and control (DMSO-treated) MCF-7 cells was analyzed by LC-MS/MS to determine the relative abundance of the modified and unmodified forms of Cys 303 . Briefly, a linear ion trap mass spectrometer was used to record tandem mass spectra for specific peptide ions corresponding to the m/z of modified and unmodified tryptic peptides of ␤-tubulin. The identity of each ␤-tubulin peptide was confirmed by manual inspection of the product ion spectra that were identified by a SEQUEST database search (Thermo Fisher Proteome Discoverer 1.3.0.339) that considered methionine oxidation and the addition of 470.6 Da to cys-teine as variable modifications. The relative abundance of the modified and unmodified Cys 303 peptides (NMM#AAC*DPR) was computed by integrating the selected ion chromatograms for b 7 ϩ product ion at m/z 1223.6 and m/z 753.2, respectively. Molecular Docking-Human ␤-tubulin shares ϳ95% sequence identity with bovine ␤-tubulin. The bovine ␤-tubulin structure (Protein Data Bank ID 4IHJ) (28) was used as a template to model human ␤-tubulin using the Phyre2 server (29) . The coordinates of WA, WE, and WLA were obtained from the Pub-Chem Database (SID 11034, 103600366, and 103600367, respectively). WA, WE, or WLA was docked as the ligand of the human ␤-tubulin model using AutoDock 4.2 (30) . During docking simulations, the ligand was kept fully flexible (rotation about the single bonds), and Gasteiger charges were applied. A grid map of 60 ϫ 60 ϫ 60 points with a spacing of 0.375 Å around Cys 303 of ␤-tubulin was used, and grid potential maps were calculated using AutoGrid v4.2, one of the utility programs of AutoDock. The Lamarckian genetic algorithm, which uses a combination of a genetic algorithm and a local search, was used as the conformational search method for the docking simulation. The generated conformations were clustered with a tolerance of a 1.5-Å root mean square deviation, and the cluster with the highest number of conformations was selected for each of the human ␤-tubulin⅐WA, ␤-tubulin⅐WE, and ␤-tubulin⅐WLA complexes. Among the three complexes, only human ␤-tubulin⅐WA was compatible with the formation of a Cys 303 -WA adduct. Therefore, a dihydro-WA model was created to mimic the Cys 303 -WA adduct conformation. Dihydro-WA was docked as the ligand of the human ␤-tubulin model following the same protocol described above. The generated conformations were clustered also with a tolerance of 1.5-Å root mean square deviation, and the cluster with highest number of conformations was selected for the human ␤-tubulin⅐dihydro-WA complex.
Modeling of the Cys 303 -WA Adduct of Human ␤-Tubulin-Protein-bound WA and dihydro-WA exhibit virtually the same binding mode for the protein, compatible with the covalent conjugate addition of the Cys 303 thiol to the enone of WA. To mimic the Cys 303 -WA adduct of human ␤-tubulin, the docked conformation of dihydro-WA was used. The Cys 303 thiol of human ␤-tubulin was attached covalently at the ␤-carbon of dihydro-WA, and the structure was optimized using the Mac-roModel module (version 9.6, Schrödinger, LLC). The OPLS_2005 force field with efficient continuum solvation models was used during energy minimization. The illustration was prepared with PyMOL (Delano Scientific, LLC).
RESULTS
Effect of Withanolides on Cell Viability-We have shown previously that the viability of the MCF-7 cell line, which is a well characterized cellular model for ER-␣-positive breast cancers, is decreased significantly after 24 h of exposure to WA, with an IC 50 of ϳ2 M (12) . Notably, pharmacokinetic studies in BALB/c mice have revealed that the peak plasma concentration of WA is ϳ1.8 M after a single intraperitoneal injection of 4 mg of WA/kg of body weight (15) . In this study, we determined the effects of WA and its naturally occurring C 6 ,C 7 -epoxy analogs WE and WLA (Fig. 1A) on the viability of MCF-7 cells and a triple-negative human breast cancer cell line (SUM159). Triple-negative breast cancers are largely unresponsive to clinically available targeted therapies and have the worse prognosis among different subtypes of breast cancer (31) . The viability of MCF-7 cells (data not shown) as well as SUM159 cells (Fig. 1B) was decreased in the presence of WA. Statistically significant inhibition of cell viability upon treatment with WA was evident as early as 8 h post-treatment in both cell lines. The C 6 ,C 7epoxy analogs were either inactive or relatively less active compared with WA in trypan blue dye exclusion assay.
Effect of Withanolides on Breast Cancer Cell Proliferation-Next, we determined the effects of the withanolides on cell proliferation using MCF-7 cells (Fig. 1C ), SUM159 cells (Fig. 1C) , and the ER-negative cell line SK-BR-3 (data not shown). Similar to cell viability data, WA exhibited a maximum inhibitory effect on the proliferation of each cell line compared with WE or WLA (Fig. 1C ). In addition, the SUM159 cell line was relatively more sensitive to cell proliferation inhibition by WA compared with MCF-7 or SK-BR-3 cells especially at the 24-h time point. Together, these studies indicated that (a) WA inhibited the viability and proliferation of ER-positive (MCF-7), ER-negative (SK-BR-3), and triple-negative (SUM159) breast cancer cells and that (b) the location of the epoxide functional group might be a key structural determinant of the growth inhibitory effect of withanolides on breast cancer cells.
Effect of Withanolides on Cell Cycle Distribution in Breast Cancer Cells-WA-mediated inhibition of cell proliferation was associated with G 2 -M phase cell cycle arrest in MCF-7, SUM159, and SK-BR-3 cells ( Fig. 2A) . The G 2 -M phase cell cycle arrest was not evident when the MCF-7 or SUM159 cells were exposed to WE (Fig. 2B ) or WLA (data not shown). The effect of WE or WLA on cell cycle distribution was not determined in SK-BR-3 cells.
Because flow cytometric analysis of DNA content can not distinguish G 2 phase and mitotic cells, Western blotting was performed for securin and Ser 10 -phosphorylated histone H3 to determine the effect on mitotic population. Ser 10 -phosphorylated histone H3 is a sensitive marker for mitotic cells, whereas securin is a substrate for a multisubunit ubiquitin ligase complex (anaphase-promoting complex/cyclosome) essential for initiation of anaphase as well as mitotic exit (32, 33) . Exposure of SUM159 cells to WA resulted in accumulation of securin protein and increased Ser 10 phosphorylation of histone H3 (Fig.  2C) . These results were consistent with our previous observations in MCF-7 cells exhibiting mitotic arrest after treatment with WA (16) .
WA-mediated mitotic arrest was confirmed by flow cytometric quantitation of Ser 10 -phosphorylated histone H3 (Fig.  2D ). The mitotic fraction (identified by arrows in Fig. 2D ) was increased significantly after a 8-or 24-h treatment of MCF-7 cells ( Fig. 2E ), SUM159 cells ( Fig. 2E) , and SK-BR-3 cells (data not shown) with 2 M WA compared with vehicle-treated control cells. Collectively, these results indicated that breast cancer cells were arrested in G 2 as well as mitotic phases after treatment with WA.
Effect of Withanolides on Tubulin Protein Levels in Breast Cancer Cells-Because microtubules consisting of ␣and ␤-tubulin heterodimers play an important role in mitosis (34), it was Withaferin A Targets ␤-Tubulin JANUARY 17, 2014 • VOLUME 289 • NUMBER 3 of interest to determine whether WA targets tubulin. Exposure of MCF-7, SUM159, and SK-BR-3 cells to WA resulted in a decrease in the protein levels of both ␣and ␤-tubulin (Fig. 3A) . However, the effect of WA was relatively more pronounced on the ␤-tubulin protein than on the ␣-isoform in each cell line (Fig. 3B ). WE or WLA treatment did not have an appreciable effect on the protein level of either ␣-tubulin (data not shown) or ␤-tubulin (Fig. 3, C and D) .
The WA-mediated decrease in ␣-tubulin (Fig. 4, A and B ) and ␤-tubulin (Fig. 4, C and D) proteins was confirmed by flow cytometry using MCF-7 cells. Cell cycle phase-specific analysis of ␣-tubulin revealed suppression of its level only in the G 0 -G 1 phase cells (Fig. 4B ). In contrast, the level of ␤-tubulin was decreased in all phases of the cell cycle, although the difference from the control did not reach statistical significance in the G 2 -M phase cells (Fig. 4D ).
Next, we designed experiments to elucidate the mechanism underlying the decline in tubulin protein levels in WA-treated cells. Expression of ␣and ␤ 1 -tubulin mRNAs was significantly and dose-dependently decreased after a 24-h treatment of MCF-7 and SUM159 cells with WA ( Fig. 4E) . Moreover, the decrease in the protein levels of ␣and ␤-tubulin resulting from WA exposure (24-h treatment) was partially reversible in the presence of proteasomal inhibitor MG132 (Fig. 4F) . These results indicated the involvement of both transcriptional repression and proteasomal degradation in WA-mediated suppression of ␣-and ␤-tubulin proteins.
WA Treatment Disrupts the Microtubule Network in Breast Cancer Cells-The microtubule network is critical for cell cycle progression during mitosis and for cell signaling during interphase (34); therefore, we determined the effect of WA treatment on microtubules by confocal microscopy after immuno- staining the cells with anti-␣-and anti-␤-tubulin antibodies (Fig. 5A) . The DMSO-treated control MCF-7, SUM159, and SK-BR-3 cells exhibited a typical interphase microtubule network that extended throughout the cell; however, this network was severely disrupted after a 24-h WA treatment in each cell line (Fig. 5A) .
Images for ␣and ␤-tubulin in the mitotic spindle of MCF-7 cells were also acquired. Control cells showed a normal bipolar spindle with chromosomes aligned along the metaphase plate (Fig. 5B) . In contrast, WA treatment led to a severe disruption of normal spindle morphology. Specifically, spindles did not contain clear poles, and the microtubules appeared disorganized and bundled (Fig. 5B ). Chromosomes were also mis-aligned but still accumulated within the spindle. Additional confocal images of ␤-tubulin showed a similar trend, whereby WA treatment caused a complete disruption of normal spindle morphology and chromosome alignment (Fig. 5B ). Collectively, these results indicated disruption of the microtubule network after treatment of MCF-7, SUM159, and SK-BR-3 cells with WA.
Effect of WA Treatment on Cell Cycle Distribution and Tubulin Expression in a Non-Tumorigenic Mammary Epithelial Cell
Line-We used a spontaneously immortalized normal human mammary epithelial cell line (MCF-10A) that was established from fibrocystic breast disease rather than tumor to study the cancer cell selectivity of WA. The MCF-10A cells behaved differently from breast cancer cells with respect to WA-mediated inhibition of cell cycle progression and tubulin expression. First, as shown in Fig. 6 (A and B) , the WA-mediated G 2 and mitotic arrest was much less pronounced in MCF-10A cells than in breast cancer cells. Second, unlike breast cancer cells, the WA-mediated down-regulation of tubulin proteins at the pharmacological achievable dose of 2 M was modest at best in MCF-10A cells (Fig. 6C ). Finally, confocal microscopy revealed aggregation of ␤-tubulin around the nucleus in WA-treated MCF-10A cells (Fig. 6D) , which was not obvious in breast cancer cells (Fig. 5A ). Collectively, these results showed that a normal mammary epithelial cell line responded differently than breast cancer cells to WA-mediated cell cycle arrest.
Overexpression of Copper/Zinc Superoxide Dismutase Fails to Confer Protection against WA-mediated Decreases in Tubulin Proteins-Previous work from our laboratory has established a critical role for ROS in apoptotic cell death by WA in breast cancer cells (17) . Therefore, it was of interest to determine whether the WA-mediated decline in tubulin protein was linked to ROS generation. A decrease in ␣and ␤-tubulin protein levels after treatment with WA was observed not only in empty vector-transfected MCF-7 cells but also in MCF-7 cells overexpressing copper/zinc superoxide dismutase (data not shown). These results ruled out involvement of ROS in the WA-mediated decrease in tubulin protein levels.
Thiol Reactivity of Withanolides-The cysteine residues in tubulin are susceptible to electrophilic modifications (35) . The chemical structures of the withanolides used in this study suggested three potential electrophilic sites for cysteine thiol additions. The irreversible modification of enzymes and receptors has been identified as a common mechanistic pathway for natural products as well as pharmaceuticals (36 -39) . The most reactive sites on withanolides appeared to be the A-ring enone and the B-ring oxirane, followed by the side chain enoate. However, the addition to the A-ring enone as well as the side chain enoate could be reversible and thermodynamically unfavorable (40 -42) . In WA, the epoxide attack would be slow due to the AB-ring conformation, forcing the nucleophile to add from the concave face of the decalin ring. In WE and WLA, the diaxial epoxide opening is expected to be slow due to steric hindrance from the axial methyl group. In WA, the A-ring enone features a hydroxyl group at the allylic position that would accelerate the cysteine addition. Based on prior studies (42) , it is also likely that the transdecalin enones in WE and WLA have less favorable equilibria for thiol capture than the cis-decalin enone in WA.
To test these hypotheses experimentally, we conducted NMR trapping experiments with cysteamine as the nucleophile (43) . The results unambiguously confirmed that WA was the superior Michael acceptor (Fig. 7) . Within 5 min after the addi-tion of cysteamine to a solution of WA in DMSO-d 6 , the enone signals at ␦ 7.08 and 6.12 ppm disappeared and did not reappear after 5 h or upon dilution in CDCl 3 , indicating a fast and completely irreversible trapping reaction. In contrast, the corresponding enone signals in WLA decreased by only 25% after 5 min and reappeared in full intensity after 5 h, corresponding to a slow addition and a thermodynamically unfavorable process. For WE, the enone signal integrals remained unchanged after the cysteamine addition (Fig. 7) , providing no evidence for thiol capture by this natural product. For both WLA and WE, diluting a sample in CDCl 3 did also not cause any change in the integration of the enone signals. Accordingly, the experimental measurements confirmed that WA represented a vastly superior electrophile compared with WLA or WE for irreversible thiol capture.
WA Binds Cys 303 of Human ␤-Tubulin-Initially, we used purified human tubulin to study its possible interaction with WA. Human ␤-tubulin contains eight cysteine residues. Using MALDI-TOF, we were able to reproducibly detect four ions that matched the predicted monoisotopic m/z of four cysteinecontaining peptides. Data-dependent LC-MS/MS analysis confirmed the sequences of three cysteine-containing peptides to be EIVHLQAGQC 12 GNQIGAK, NMMAAC 303 DPR, and TAVC 354 DIPPR. MALDI-TOF analysis revealed formation of two ions at m/z 971.51 and 1441.77 that corresponded to the m/z of TAVC 354 DIPPR with and without the addition of WA (470.6 Da). To obtain site-specific evidence of WA adduct formation, we performed a series of data-dependent LC-MS/MS analyses. For purified tubulin treated with WA in vitro, the peptides at m/z 747.838 2ϩ and 512.704 2ϩ were detected in the high-resolution full-scan spectra, and their masses corresponded to WA adduction to Cys 303 of NMMAAC 303 DPR and also the unmodified form of the peptide. In the control sample, only the unmodified form was detected (data not shown). MS/MS analysis revealed the formation of a covalent bond with Cys 303 , and the mass of the resulting tryptic peptide (NMM(ox)-AAC(WA)DPR) had increased by the molecular weight of WA. Evidence of WA adduct formation at the six remaining cysteine residues was not observed, indicating that these sites are either not modified or not observed by our experimental approach. Similarly, covalent addition of WE and WLA was not observed with any cysteine when purified tubulin was treated with these agents in vitro (data not shown).
In a separate experiment, we studied the WA binding to Cys 303 using MCF-7 cells. For these studies, MCF-7 cells were treated with 2 M WA or DMSO (control) for 24 h. The cells were then lysed, and ␤-tubulin was enriched by immunoprecipitation. LC-MS/MS was used to measure the relative abundance of seven tryptic peptide sequences that comprise the eight cysteine residues in ␤-tubulin. The tandem mass spectra for the modified and unmodified NMM#AACDPR peptides containing Cys 303 are shown in Fig. 8 (A and B, respectively) . The relative abundance of this peptide in samples derived from MCF-7 cells (Fig. 8C ) was determined by integrating the b 7 ϩ ion intensity. These results demonstrated that the Cys 303 modification of ␤-tubulin was detected in the WA-treated MCF-7 cells but not in the DMSO-treated cells.
Model of the Cys 303 -WA Adduct of Human ␤-Tubulin-The WA-binding pocket is located on the surface of human ␤-tubulin ( Fig. 9A, left) . It has a hydrophobic floor, a hydrophobic wall, and a charge-balanced hydrophilic entrance (Fig. 9A, right) . A network of electrostatic and hydrogen bonding interactions formed between alternately charged amino acid side chains makes the WA-binding pocket well defined and relatively sta-ble. Glu 205 , Ala 206 , Asp 209 , Ile 210 , Arg 213 , Lys 297 , Ala 302 , and Arg 380 of human ␤-tubulin are involved in hydrophobic interactions with the Cys 303 -WA adduct. The guanidinium group of Arg 213 is also involved in electrostatic interactions with the WA moiety, forming the only hydrogen bond with the Cys 303 -WA adduct (Fig. 9A, right) . Two additional hydrogen bonding interactions were observed between WA and the side chains of Arg 380 and Thr 214 in human ␤-tubulin in the protein-substrate model (data not shown). These electrostatic interactions may be required to sequester the WA molecule into the WA-binding pocket for Cys 303 -WA adduct formation.
DISCUSSION
Microtubules are hollow cylindrical structures that radiate from the microtubule-organizing centrosomes of interphase cells (44) . The microtubule network is composed of ␣and ␤-tubulin heterodimers that are critical for cell cycle progression (mitosis), cellular movement, and intracellular trafficking (45) . Microtubules have remained an attractive target for cancer chemotherapy as exemplified by the clinical success of antimitotic agents, including vinca alkaloids and taxanes (34, 44) . FIGURE 7 . Thiol reactivity of withanolides determined by NMR. Shown are the results of NMR trapping experiments with cysteamine as the nucleophile and WE, WLA, and WA as electrophiles. For WE, no difference was observed at the enone peaks at 6.58 and 5.64 ppm. For WLA, the enone peaks at 6.58 and 5.64 ppm decreased by 25% after 5 min of incubation, but these peaks were present in full intensity after 5 h. For WA, the enone peaks at 7.08 and 6.12 ppm disappeared 5 min after thiol addition and did not reappear. Thus, only WA resulted in an irreversible addition of the thiol to the enone moiety. The results presented herein indicate, for the first time, that tubulin is a novel target of growth arrest by WA. Expression of both ␣and ␤-tubulin proteins is markedly decreased upon treatment of human breast cancer cells with a pharmacologically relevant concentration of WA regardless of the ER or human EGF receptor-2 status.
It is important to point out that a non-tumorigenic normal mammary epithelial cell line is relatively less sensitive to these effects of WA compared with breast cancer cells. These observations complement our prior published findings demonstrating marked resistance of normal mammary epithelial cells to apoptosis induction by WA in comparison with breast cancer cells (12, 17) .
The naturally occurring C 6 ,C 7 -epoxy derivatives of WA (WE and WLA) neither cause growth arrest nor suppress the levels of ␣or ␤-tubulin, suggesting that the location of the epoxide functional group is critical for the tubulin-targeting effect of withanolides. Down-regulation of tubulin proteins after WA treatment involves transcriptional repression as well as proteasomal degradation. Similar to other tubulin-and microtubule-targeting agents (34, 44) , WA treatment results in G 2 -M phase cell cycle arrest and aberrant microtubule spindle formation. However, the spindle morphology after WA treatment differs from that in cells treated with taxanes, which cause multipolar spindles (46) , or Eg5 inhibitors, which cause monopolar spindles (47) . Instead, the WA-treated breast cancer cells have severely disrupted spindle morphology without a well defined spindle pole. Interestingly, the ␤-tubulin protein is relatively more sensitive to down-regulation upon WA treatment compared with ␣-tubulin, but the mechanism underlying this differential response remains unclear.
Cysteine-rich tubulins are susceptible to modification by structurally diverse small molecules (48, 49) . For example, the G 2 -M phase cell cycle arrest in human colon cancer cells upon treatment with a garlic-derived sulfur compound (diallyl trisulfide) was shown to be associated with oxidation of Cys 12 and Cys 354 of ␤-tubulin (S-allylmercaptocysteine adduct) in a cellfree system (48) . Formation of these adducts after treatment of cells with diallyl trisulfide was not shown (48) . The incubation of purified porcine ␣and ␤-tubulin with allyl isothiocyanate, a human ␤-tubulin model is shown as a molecule surface, and the Cys 303 -WA adduct is shown as a sphere model with an atomic color scheme (carbon in green, oxygen in red, and hydrogen in white). Right, details of the WA-binding pocket. The human ␤-tubulin model is shown as a ribbon diagram (helices as spirals, strands as arrows, and loops as tubes) with WA-interacting side chains as sticks (nitrogen in blue, carbon in gray, and oxygen in red), and the Cys 303 -WA adduct is shown as a stick model (nitrogen in blue, carbon in green, oxygen in red, and sulfur in yellow). Hydrogen atoms are not shown for clarity. B, comparison of the WA, WE, and WLA structures (PubChem Database SID 11034, 103600366, and 103600367, respectively). The three structures are aligned on the basis of their fused rings. Free rotations around side chain single bonds are allowed. For clarity, hydrogen atoms are shown for the hydroxyl and axial methyl groups only. C, WE and WLA are not compatible for Cys 303 adduct formation with human ␤-tubulin. Left, overall view showing the docked position of WA (in green), WE (in cyan), or WLA (in yellow). Right, enlarged view shows that WE and WLA cannot be docked into the WA-binding pocket. component of mustard, resulted in covalent adduction at Cys 127 , Cys 347 , and Cys 376 of ␣-tubulin and Cys 12 , Cys 239 , Cys 303 , and Cys 354 of ␤-tubulin (49) . However, these covalent interactions were thought to be reversible because no such adducts were detectable after treatment of the UM-UC-3 human bladder cancer cell line with allyl isothiocyanate (49) . In this study, we have demonstrated that WA covalently binds Cys 303 of ␤-tubulin in a cell-free system as well as in MCF-7 cells. Presently, it is still unclear if the cysteine residues in the ␣-tubulin protein are susceptible to covalent modification by WA. Nevertheless, the molecular docking simulations confirmed the stability of the Cys 303 -WA adduct in the pocket.
WE and WLA are unable to attack Cys 303 or any other cysteine residue in ␤-tubulin even in a cell-free system. Structure alignments of WA, WE, and WLA on the basis of the fused ring system show a significant difference between WA and its analogs. In WA, the hydroxyl, epoxy, and axial methyl groups on the fused rings are clustered on one side of the system, whereas they are distributed on both sides in WE and WLA (Fig. 9B ). As mentioned above, the WA-binding pocket has a hydrophobic floor. The WA molecule fits in the pocket with its "flat bottom" against the floor (Fig. 9A) , which positions the A-ring enone ␤-carbon in close proximity to the Cys 303 -SH group. In contrast, WE and WLA molecules do not have such a flat bottom, and the steric conflict due to their hydroxyl, epoxy, and axial methyl groups on the fused rings prohibits their docking into the WA-binding pocket, not to mention positioning their enone ␤-carbon near the Cys 303 side chain (Fig. 9C) .
Research over the past 5-7 years has established that WA inhibits multiple cellular pathways (e.g. ER-␣, NF-B, and STAT3) and processes (angiogenesis and cancer cell migration and invasion) relevant to cancer development (18 -22) . Inhibition of complex III of mitochondrial respiration, triggering ROS production and leading to activation of Bak, is an important mechanism by which this agent causes apoptotic cell death (17) . On one hand, lack of target specificity is a perceived weakness of naturally occurring anticancer agents, and WA is no exception to this potential criticism. On the other hand, ability to target multiple pathways and processes is a desirable attribute because the pathogenesis of cancer is complex, often characterized by deregulation of multiple checkpoints and activation of several oncogenic pathways. Agents selective against a single pathway/molecule may have limited clinical utility as exemplified by the ER antagonists for prevention of breast cancer (50) . We are also tempted to speculate that many of the effects of WA (e.g. inhibition of complex III, NF-B, and STAT3) may be due to its ability to target specific cysteine residue(s) on these proteins. Experimental validation of this hypothesis awaits further investigation. In conclusion, in this study, we have not only identified ␤-tubulin as a novel target of growth arrest by WA but also have shed light on the elements in the withanolide structure (e.g. location of the epoxide functional group and relative reactivity of the enone Michael acceptor versus other withanolides) responsible for its electrophilic and tubulin-targeting effects.
